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Abstract 

Background  As the global climate changes, periods of abiotic stress throughout the North American cranberry 
growing regions will become more common. One consequence of high temperature extremes and drought con-
ditions is sunscald. Scalding damages the developing berry and reduces yields through fruit tissue damage and/
or secondary pathogen infection. Irrigation runs to cool the fruit is the primary approach to controlling sunscald. 
However, it is water intensive and can increase fungal-incited fruit rot. Epicuticular wax functions as a barrier to various 
environmental stresses in other fruit crops and may be a promising feature to mitigate sunscald in cranberry. In this 
study we assessed the function of epicuticular wax in cranberries to attenuate stresses associated with sunscald by 
subjecting high and low epicuticular wax cranberries to controlled desiccation and light/heat exposure. A cranberry 
population that segregates for epicuticular wax was phenotyped for epicuticular fruit wax levels and genotyped using 
GBS. Quantitative trait loci (QTL) analyses of these data identified a locus associated with epicuticular wax phenotype. 
A SNP marker was developed in the QTL region to be used for marker assisted selection.

Results  Cranberries with high epicuticular wax lost less mass percent and maintained a lower surface temperature 
following heat/light and desiccation experiments as compared to fruit with low wax. QTL analysis identified a marker 
on chromosome 1 at position 38,782,094 bp associated with the epicuticular wax phenotype. Genotyping assays 
revealed that cranberry selections homozygous for a selected SNP have consistently high epicuticular wax scores. A 
candidate gene (GL1-9), associated with epicuticular wax synthesis, was also identified near this QTL region.

Conclusions  Our results suggest that high cranberry epicuticular wax load may help reduce the effects of heat/light 
and water stress: two primary contributors to sunscald. Further, the molecular marker identified in this study can be 
used in marker assisted selection to screen cranberry seedlings for the potential to have high fruit epicuticular wax. 
This work serves to advance the genetic improvement of cranberry crops in the face of global climate change.

Keywords  Fruit wax, Cuticle, QTL, Vaccinium macrocarpon, Genotyping

Introduction
As the climate changes, the cranberry industry will 
become increasingly strained by severe and unpredictable 
weather events and shifts in season length. The American 
cranberry (Vaccinium macrocarpon) is a climate sensi-
tive fruit crop confined to acidic peat soils of temperate 
regions at latitudes of about 39 degrees in the northern 
hemisphere [1]. Similar to other temperate-adapted fruits 
such as apples, plums, and grapes, cranberries have a 
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chilling requirement during their dormant period and 
require at least 62 days per year below 7 ℃ for adequate 
bloom and fruit set [2]. Shorter, milder winters challenge 
the achievement of these required low temperatures. Ele-
vated and fluctuating temperatures in the spring induce 
early flower bud development which risks ecological mis-
match in pollinator timing [3] and risk of sudden frost 
damage [4]. In the summer, prolonged heat waves and 
drought conditions promote sun damage to developing 
berries, a condition known as sunscald.

Sunscald results from a combination of excessive pho-
tosynthetically active radiation, UV radiation, high tem-
perature, and can be worsened by low humidity [5]. The 
fruit injury due to sunscald can manifest in any of three 
modes: (1) heat injury sunscald, where fruits develop a 
cooked appearance, (2) ultraviolet radiation sunscald, 
a condition commonly found in fruits growing at high 
altitudes, and (3) photodynamic sunscald of heated tis-
sues, which results from absorption of visible energy by 
photosensitive pigmented cells with temperature induced 
chemical lesions (Additional file  1) [6]. Environmental 
conditions associated with sunscald include clear skies, 
air temperatures of 27 ℃ or higher, canopy and/or mid-
canopy temperatures of 36–41 ℃ [7]. Sunscald is difficult 
to avoid in cranberry since the cranberry plants have a 
low-lying shrubby growth habit and shade from sur-
rounding plants is limited. Fruit in the upper part of the 
cranberry canopy can be fully exposed to the sun. Inci-
dence of sunscald is common in the cranberry industry 
and has been documented in all commercial cranberry 
growing regions of the U.S. and Canada [8].

Conventional practices to prevent sunscald in fruit 
crops include sprinkler cooling systems, improved air 
movement through the field, avoiding excessive sum-
mer pruning, shade netting, and applying sunburn sup-
pressants and protective coatings to fruit surfaces [9]. In 
cranberry, growers typically turn on irrigation systems 
when air temperature exceeds 27 ℃ [7]. Running the 
irrigation for 20  min was demonstrated to cool plants 
between 5–10.2 ℃ [7]; however, this method is accompa-
nied by the disadvantages of increased water and power 
usage as well as potentially increased fruit rot. In addi-
tion, oversaturating roots can create ideal conditions for 
pathogenic fungi, such as root-rotting Phytophthora spp. 
[10, 11]. A possible alternative to controlling sunscald is 
to breed new cultivars with features that enhance resist-
ance to heat, light, and desiccation stresses.

Cuticular wax and cutin are two components of the 
plant cuticle that forms a protective acellular layer sur-
rounding plant organs. Cutin forms a matrix of mid 
chain hydroxy and epoxy C6 and C18 fatty acids. Cuticu-
lar wax is composed of a complex mixture of very long 
chain (C20-C40) fatty acids and their derivatives which 

include alkanes, aldehydes, primary and secondary 
metabolites, alcohols, ketones, and esters [12–16]. There 
are two layers of waxes on plant surfaces: (1) epicuticular 
wax (ECW), which forms highly crystalline structures on 
plant surfaces and establishes a continuous hydrophobic 
self-cleaning surface [17–19], and (2) intracuticular wax, 
which is embedded into the cutin matrix and functions 
to establish the transpirational barrier in plants [17, 20]. 
Several comprehensive reviews provide insight into the 
genetic cues governing cuticular wax synthesis and depo-
sition [15, 21–23].

Plants dynamically regulate their cuticular wax load 
and chemical composition in response to water shortage, 
temperature, and excess heat—three environmental fac-
tors associated with sunscald [14, 24–26]. However, the 
function of ECW on heat/light and temperature stress in 
cranberries has yet to be tested. In addition to forming a 
barrier against abiotic environmental stress, the crystal-
line structure and biochemical components of cuticular 
wax may affect fungal pathogen adherence to the berry 
surface and subsequent infection. Sunscald causes deg-
radation of the crystalline structure of ECW into amor-
phous masses, which leads to a higher permeability and 
dehydration [27]. Increased permeability risks enhanced 
penetration of fungal pathogens [28]. Secondary fungal 
infections following sunscald is a common occurrence 
in cranberries [29] as well as other fruits and vegetables 
[30–33]. Recent evidence suggests the resistance of cran-
berries to fungal infections that cause fruit rot is more 
related to how cranberries respond to fungal infection 
rather than the presence of certain fungal species [34]. 
Therefore, strengthening innate fortification features of 
cranberry, such as epicuticular wax, against environmen-
tal predispositions may prove a more effective approach 
to control cranberry pathogens.

Recent progress has been made to link priority cran-
berry traits with the genome [35]. Next generation 
sequencing methods have been used to assemble the 
cranberry plastid [36], mitochondria [37], and nuclear 
[38–40] genomes. The identification of quantitative trait 
loci (QTLs) can further pinpoint regions of the genome 
that harbor molecular variation governing traits of inter-
est. To date, QTLs have been identified that are associ-
ated with cranberry fruit rot resistance, yield, berry 
weight, and titratable acidity [41, 42], fruit shape and 
size [43], anthocyanin content and other phytochemi-
cals [44], and low citric and malic acid [45, 46]. Nucleo-
tide variation identified within or near a given QTL can 
then be exploited for use in marker assisted selection. 
Marker assisted selection expedites the traditional breed-
ing process by utilizing molecular markers associated 
with a targeted trait, so that plants can be genotyped as 
seedlings and only those predicted to exhibit the desired 
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phenotypes are selected for further evaluation. The iden-
tification of molecular markers associated with ECW 
may be an effective approach to breed new cranberry 
cultivars with enhanced ECW, thus fortifying cranberry 
environmental defenses.

Cranberry epicuticular wax functions as a primary bar-
rier between soft fruit tissues and the environment. Thus, 
it is important to investigate when seeking to protect 
fruits from environmental stress such as sun scald and 
secondary pathogen infection. Considering the protective 
functions and dynamic environmental responses of cutic-
ular wax in other fleshy fruits, we hypothesize that high 
ECW may likewise attenuate the effects of environmental 
stresses (specifically heat, light, and water loss) in cran-
berry. The objectives of this study are to (1) test whether 
cranberry ECW mitigates effects of heat/light and desic-
cation, (2) utilize QTL analyses to identify regions of the 
genome associated with increased wax content, (3) gen-
erate a molecular marker and identify candidate gene(s) 
associated with ECW, and finally (4) validate generated 
markers using PCR allele competitive extension (PACE) 
genotyping assays. The completion of this work adds to 
the arsenal of molecular tools aiming to improve the sus-
tainability of cranberry production.

Results
High epicuticular wax on cranberries imparts protection 
from heat and desiccation
To investigate the role of ECW in mitigating environ-
mental stressors that contribute to loss of yield, cranber-
ries with high and low ECW were subjected to controlled 
heat/light and desiccation experiments.

Following controlled desiccation in an incubator after 
28 days, the mean berry mass percent loss at t = 28 days 
for low ECW berries was 20.2 ± 10.10 and for high ECW 
berries was 9.5 ± 6.11 (Table 1). Both berry wax load and 
time in the incubator (6, 12, 18 or 28 days) had an effect 
on berry mass percent loss (p = 3.53e-10, p = 5.50e-16, 
respectively; One-way analysis of variance (ANOVA; 
Table 2). At each time point, high ECW berries retained 
significantly greater mass than those with low ECW 
(6  days: p = 9.74e-05, 12  days: p = 4.39e-05, 18  days: 
p = 8.9e-06, 28  days: p = 4.70e-06; Tukey HSD; Fig.  1A; 
Table 3). This suggests that ECW may help protect cran-
berries from desiccation. There existed three data outli-
ers for each time point; however, these data did not affect 
overall conclusions.

Following controlled heat/light experiments, mean 
berry surface temperature at t = 60  min for low ECW 
berries was 39.0 ℃ ± 0.67 and for high ECW berries 
37.6 ℃ ± 1.02 (Table 4). Wax load had a significant effect 
on mean berry temperature (p = 4.08e-05; One-way 
ANOVA; Fig.  1B; Table  4). For each time point greater 

than t = 10 min (10 min: p = 0.06), mean berry tempera-
ture of low ECW berries was greater than the mean berry 
temperature for high ECW berries (20  min: p = 8.84e-
04, 30  min: p = 1.49e-04, 40  min: p = 5.14e-04, 50  min: 
p = 1.07e-04, 60  min p = 1.58e-05; Tukey HSD; Fig.  1B; 
Table 5). This suggests that cranberries with higher ECW 
are able to maintain a lower surface temperature when 
exposed to direct light stress than those with lower wax.

QTL Analysis identifies a locus and candidate genes 
associated with epicuticular wax in cranberry
A population segregating for ECW level was genotyped 
using genotyping by sequencing (GBS). A total of 27,790 
potential SNP markers was used in QTL analysis. A sin-
gle peak was identified with an interval covering 96 kbp 
on chromosome 1, at position 38,782,094, with a LOD 
score of 9.76 (threshold 8.88 at 5%; Fig.  2A-B). This 
QTL was calculated to account for 36.2% of the vari-
ability of the observed wax phenotype. A single nucleo-
tide polymorphism (SNP) was identified with a LOD 
of 9.76 and was used for SNP genotyping assay design. 
Within the QTL interval, there were 11 potential gene 
sites identified. Additionally, candidate genes identified 
within 1  MB of the QTL region include: a homolog of 
Glossy1 (GL1-9; position = 37,769,360–37,769,360  bp), 
and a homolog of SAR1A (position = 38,883,064–
38,883,064  bp). Fragments of SUR2 were also found 
(position = 37,772,215–37,772,763  bp), as well as SYP45 
(position = 38,691,169–38,691,456  bp). Among these, 
GL1-9 is the most likely to be directly associated with 
ECW.

Table 1  Summary statistics for berry mass percent loss in high 
vs. low wax berries at each time point in controlled desiccation 
study

Cranberries with high and low epicuticular wax were subjected to controlled 
desiccation in an incubator for 28 days. For each berry, mass (in grams) was 
measured at each time point (6,12,18, and 28 days), and mass percent loss was 
calculated
a wax– high wax (HW), low wax (LW)
b number of individuals per group
c mean, minimum, and maximum mass percent loss
d standard deviation

time point waxa nb mean (min, max)c σd

6 days HW 18 2.96 (1.06, 21.1) 4.64

LW 18 4.84 (2.62, 11.0) 2.10

12 days HW 18 4.47 (2.00, 22.2) 4.79

LW 18 8.52 (4.43, 21.0) 4.21

18 days HW 18 6.38 (3.07, 23.4) 5.10

LW 18 13.1 (6.88, 32.5) 6.36

28 days HW 18 9.50 (4.83, 25.4) 6.11

LW 18 20.2 (10.4, 51.6) 10.10
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Table 2  One-way ANOVAs assessing the effect of high vs. low epicuticular wax and time on mean surface temperature and mass 
percent loss

a  wax– high wax (HW), low wax (LW)
b degrees of freedom
c sum of squares
d mean sum of squares
e f statistic of the ANOVA model
f p value associated with the f-statistic, significance defined as p ≤ 0.05

experiment independent variable response variable dfb ssc msd fe pf

desiccation waxa (HW/LW) mass percent loss 1 4.47 4.47 45.53 3.53e-10

desiccation time (days) mass percent loss 3 7.56 2.52 32.45 5.50e-16

heat/light wax (HW/LW) mean surface 
temperature (°C)

1 313.20 313.23 17.48 4.08e-05

heat/light time (mins) mean surface 
temperature (°C)

5 3347.90 669.59 127.40  < 2.20e-16

Fig. 1  Cranberry epicuticular wax reduces water loss and berry surface temperature. A Following controlled desiccation in an incubator over 
28 days, cranberries with low epicuticular wax (LW) lost a significantly greater mass percent than those with high epicuticular wax (HW). B HW and 
LW berries were irradiated with light for a period of 60 min and mean berry surface temperature was calculated for every 10 min. For all time points 
beyond t = 10 min, HW cranberries maintain a significantly lower estimated mean berry surface temperature than LW cranberries. All p values based 
on pairwise Tukey HSD tests
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Epicuticular wax phenotypes can be predicted 
from genotyping assays
A PACE genotyping assay was designed for a marker 
identified on chromosome 1, position 38,782,094  bp 
(chr01_ 38,782,094) and was used for genotyping cran-
berry accessions varying in ECW. Among the subset of 
34 CNJ15-55 individuals chosen for high, medium, and 
low ECW phenotypes, for marker chr01_38782094, 
there were n = 12 (35.3%) homozygous CC individu-
als, n = 13 (38.2%) homozygous TT individuals, and 9 
(26.5%) heterozygous TC individuals. Genotyping results 
demonstrate that for this marker, there exist significant 
differences in wax ratings among genotypes (p = 8.12e-
07; Kruskal–Wallis test). Individuals that are homozy-
gous CC had consistently high ECW ratings (Fig.  2C), 
with the exception of one outlier. Individuals homozy-
gous CC had significantly higher ECW phenotypes than 
those homozygous TT (chr01_38782094: p = 3.49e-
04; Dunn’s test). However, heterozygous TC individu-
als did not significantly differ in ECW wax ratings from 
those homozygous CC (p = 0.09; Dunn’s test) nor those 
homozygous TT (p = 0.51; Dunn’s test). These results 
suggest that while this marker can be used to reliably pre-
dict high or low ECW phenotypes of cranberry seedlings 
(i.e. homozygous CC vs. homozygous TT), phenotypic 
predictions for individuals that are heterozygous TC are 
not so easily discerned.

Discussion
Increased epicuticular wax mitigates heat and desiccation 
stresses
Here we test the hypothesis that cranberry ECW plays 
a role in controlling surface temperature and water loss. 
Our results suggest that berries with high ECW can 
maintain a lower temperature upon direct light irradia-
tion and lose less mass when subjected to controlled des-
iccation in an incubator.

Much of the light reflectance and water permeance 
of ECW is a function of the ECW crystallinity, which 
is influenced by its biochemistry. The presence of long-
chain alkanes and aldehydes promotes the formation of 
crystalline, water impermeable ECW, where triterpe-
noids and sterols had opposite effects [47–54]. In rice, 
disorganized wax crystals of the wilted dwarf and lethal 1 
(wdl1) mutant lead to a 2.3 times increased transpiration 
rate than wild type and increased water loss and lower 
water use efficiency [55].

The light, powdery characteristics of cranberry ECW 
may function to block damaging light irradiation by scat-
tering excess light before it can be absorbed into the fruit 
tissues causing sun damage. The degree of light reflec-
tance is largely affected by the size, distribution, and 

Table 3  Tukey HSD tests: detecting pairwise differences in 
transformed berry mass percent loss between high wax and low 
wax berries at each time point

a difference in the observed means
b lower end of the 95% confidence interval
c upper end of the 95% confidence interval
d adjusted p value after multiple comparisons, significance defined as p ≤ 0.05

time point differencea lowerb upperc p adjustedd

6 days 0.36 0.19 0.53 9.74e-05

12 days 0.35 0.20 0.50 4.39e-05

18 days 0.35 0.22 0.49 8.90e-06

28 days 0.35 0.22 0.48 4.70e-06

Table 4  Summary statistics for mean berry temperature in high 
vs. low wax berries at each time in heat/light experiment

High wax (HW) and low wax (LW) cranberries were subjected to controlled 
application of heat and light for t = 60 min total. Mean berry surface 
temperature was measured at each time point (10,20,30,40,50, and 60 min)
a wax– high wax (HW), low wax (LW)
b number of individuals per group
c mean, minimum, and maximum temperature in °C
d standard deviation

time point waxa nb mean (min, max)c σd

10 min HW 20 33.1 (32.2, 34.4) 0.52

LW 20 33.4 (32.8, 34.7) 0.51

20 min HW 19 35.6 (35.2, 36.9) 0.48

LW 20 36.3 (35.5, 37.7) 0.57

30 min HW 20 36.8 (36.2, 38.0) 0.54

LW 20 37.6 (36.5, 39.1) 0.63

40 min HW 20 37.9 (36.8, 39.0) 0.70

LW 20 38.7 (37.2, 40.1) 0.75

50 min HW 19 37.8 (36.8, 38.9) 0.69

LW 20 38.8 (37.4, 40.1) 0.73

60 min HW 20 37.6 (36.2, 39.4) 1.02

LW 20 39.0 (38.1, 40.2) 0.67

Table 5  Tukey HSD tests: detecting pairwise differences in 
transformed berry mean surface temperature between high wax 
and low wax berries at each time point

a Difference in the observed means
b Lower end of the 95% confidence interval
c Upper end of the 95% confidence interval
d Adjusted p value after multiple comparisons, significance defined as p ≤ 0.05

time point differencea lowerb upperc p adjustedd

10 min 0.34 -0.02 0.69 0.06

20 min 1.22 0.53 1.91 8.84e-04

30 min 2.07 1.07 3.06 1.49e-04

40 min 2.76 1.29 4.22 5.14e-04

50 min 3.11 1.65 4.57 1.07e-04

60 min 4.22 2.49 5.94 1.58e-05
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orientation of ECW crystals, where plate-like crystals are 
more favorable for reflecting light than amorphous wax 
[56]. Thicker ECW also has the capacity to reflect more 
light. Sun exposed grape berries with higher ECW load 
reflect 10–70% more incoming radiation than shaded 
berries with lower ECW load [56]. Amorphous ECW 
also has increased water permeance and likelihood for 
dehydration when compared to crystalline ECW [27]. 
The color of fruit is also known to affect temperature, and 

exposed dark colored berries measure up to 5 ℃ higher 
surface temperature than exposed light colored berries 
[5, 57]. A cranberry variety known for dark fruit color, 
‘Early Black’, is cited as being more prone to sunscald 
than the lighter-colored ‘Stevens’ and ‘Ben Lear’[8].

Plants actively regulate their cuticle in response to 
environmental stress such as water deficit and light 
irradiation, which provides plants the opportunity to 
dynamically optimize their primary barrier to enhance 
survival [52, 58–61]. Fruits from plants adapted to water 
deficit conditions often have well-developed cuticles [26, 
62–66]. Conversely, conditions of high humidity decrease 
cuticle deposition [64]. Increased light irradiation 
increases the thickness of cuticular wax in many plants 
[64, 67, 68]. For example, light with enhanced UV-B and 
UV-C was shown to increase cuticular wax load, particu-
larly by increasing the alkane fraction [64]. ECW has also 
been demonstrated to reflect UV-B and UV-C light while 
absorbing photosynthetic light protecting plant cells 
from harmful irradiation [69, 70].

In cucumber, the expression of fruit specific wax bio-
synthesis genes CsCER1 and CsWAX2 increases under 
drought and salinity stresses [65, 66]. In tomato, regula-
tion of SISHN1 transcription factor induces expression 
of wax biosynthesis genes leading to enhanced cuticu-
lar wax deposition and drought tolerance compared to 
control plants [71]. Studies also suggest that chemical 
composition of the wax rather than overall wax load is 
potentially more influential in promoting drought toler-
ance [48, 72, 73].

QTL analysis gives insight into a gene candidate 
for targeting cuticular wax synthesis in cranberry
Within the QTL interval, 11 potential genes were iden-
tified by comparison to the reference genome. Most of 
the 11 were genes of unknown function or genes that are 
not known to be relevant to wax production. Expanding 

Fig. 2  QTL region associated with epicuticular wax and a SNP 
assay identifies consistently predicts epicuticular wax scores. A A 
QTL associated with the epicuticular wax phenotype was identified 
on chromosome 1 of the cranberry genome. The threshold (1000 
permutations) was identified to be LOD 8.88. B On chromosome 1, 
the bounds of the QTL consist of the peak at position 38,782,094 
(LOD 9.76), and the ends of the QTL interval markers at positions 
38,782,027 and 38,878,190. C A subset of cranberry progeny was 
selected for marker validation using PCR allele competitive extension 
(PACE) genotyping assays. Assay results revealed that individuals 
that are homozygous CC have consistently high wax ratings (with 
the exception of one outlier). The majority of individuals that are 
homozygous TT have low wax ratings; however, there is more within 
group variation than homozygous CC. Error bars represent standard 
error. All p values based on pairwise Dunn’s tests
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the search for candidate genes, within 1 Mb of the QTL, 
allowed the identification of three potential gene candi-
dates: Glossy 1–9 (GL1-9), SAR1A, and SYP43.

Although SAR1A and SYP43 are not directly related to 
ECW biosynthesis, they have been associated with cellu-
lar pathways leading to ECW secretion. SAR1A functions 
in mediating protein export from the endoplasmic reticu-
lum [74] and is found to be upregulated during periods 
of osmotic stress and high wax deposition [75]. SYP43 
is associated with golgi stability during stress [76–78], 
which is a key component to wax secretion [79]. SYP43 
also relates to fungal host resistance as shown with pow-
dery mildew [76–78].

The identification of GL1-9 in cranberry and its asso-
ciation with ECW and drought tolerance is promising for 
future efforts to mitigate sunscald. However, sequence 
analysis of the promoter region of GL1-9 showed no 
consensus variation between the high wax and low 
wax groups (Additional file 3). There are likely still uni-
dentified genes or promoter sequences that harbor the 
causative variation among candidate genes. The current 
resolution of the QTL analysis limits reasonable explora-
tion of the causative variation in this region.

Glossy (GL) of Zea mays and ECERIFERUM (CER) of 
Arabidopsis thaliana are two notable gene families asso-
ciated with wax synthesis. CER1, CER2, CER3, CER6, 
GL1, and GL8 encode wax synthesis-related proteins and 
enzymes involved in the transport of wax compounds 
[80–85]; whereas, GL2, GL15 encode wax regulatory 
proteins [86–89]. GL15 is a developmental gene found to 
regulate epidermal cell identity in maize [87, 90, 91]. A 
recessive mutation in gl15 plants switches the plant epi-
dermis from juvenile to adult stage earlier than wild-type. 
Mutant gl15 plants lack visible ECW, have epidermal 
hairs, rectangular epidermal cells, and highly crenulated 
lateral walls [90–92]. GL analog genes have also been 
found in rice. Overexpression of GL1-2 in Oryza sativa 
induced more wax crystallization and a thicker epicu-
ticular wax layer, while the mutant had less wax crystal-
lization and a thinner cuticular layer [93]. Further, the 
osgl1-2 mutant is more sensitive to drought stress at 
the reproductive stage, which suggests that OsGL1-2 is 
important for conferring drought resistance [93].

The 11 homologous genes of GL1 are closely related 
to the CER1 gene in Arabidopsis thaliana (AtCER1) 
[93]. CER1 encodes an enzyme involved in the decar-
bonylation pathway of epidermal wax synthesis. Within 
this pathway, CER1 and CER3 act together to catalyze 
the formation of alkanes from VLCFA-CoA [80, 94]. 
CsCER1 (CER1) and CsWAX2 (CER3) of cucumber, 
PaCER1 of sweet cherry, were also demonstrated to 
play important roles in very long chain alkane biosyn-
thesis and drought tolerance [26, 65, 66, 94]. In yeast, 

heterologous expression of the combination of CER1, 
CER3, a cytochrome b5, and LACS1 resulted in the for-
mation of very long chain alkanes [95]. LACS1 is required 
for C16 cutin biosynthesis and is required for the nor-
mal accumulation of downstream wax compounds [96]. 
WSL2 in rice was demonstrated to encode a homolog of 
CER3 of Arabidopsis thaliana and GL1 of Zea mays [97]. 
Mutants produced a reduced quantity of very long chain 
fatty acids suggesting that WSL2 is associated with fatty 
acid elongation [97].

The chemical composition and the quantity/proportion 
of cuticular wax primarily governs the environmental 
function of the plant cuticle and exhibits high variability 
between plant species, plant organs, and even different 
plant developmental stages [98, 99]. Approximately 50% 
of cranberry cuticular wax is composed of triterpenoids 
[100], which are secondary metabolites that have anti-
cancer, anti-inflammatory, antimicrobial, and cardiopro-
tective properties in humans [101, 102]. Ursolic acid, a 
triterpenoid abundant in cuticular wax of cranberries, 
has been found to suppress Alternaria alternata in apple 
[103], inhibit spore germination of Aschochyta raibiei on 
chickpea [104] and grain mold fungi on sorghum [105]. 
However, it is unknown whether ursolic acid has antifun-
gal activities in cranberries. Fungi that cause fruit rot in 
cranberry induce disease in mature fruit tissues by secre-
tion of ROS into fruit, resulting in a cascade of events that 
leads to cell death and fruit rot [106, 107]. Benzoic and 
quinic organic acids have been shown to reduce growth 
and ROS secretion by fruit rotting fungi [107]. Modify-
ing the chemical composition of cuticular wax may also 
be an effective approach to combating fungal pathogens 
in cranberry. Conversely, there is evidence that epicuticu-
lar wax may facilitate fungal infection and growth [108–
112]. The role of cuticular wax in fungal pathogenicity 
likely depends upon a combination of the presence of 
antifungal wax constituents and favorable environmen-
tal conditions which further induce wax constituent 
modification. More research is needed to understand the 
relationship between cuticular wax composition, biosyn-
thesis and fungal pathogenicity in cranberries.

Conclusions
Here we tested the biological roles of cranberry fruit 
ECW and used next generation sequencing tools and 
QTL analyses to identify genetic regions associated with 
ECW. Our results demonstrate that cranberries with 
high ECW can maintain a cooler surface temperature 
and slow berry water loss compared to those with low 
ECW. Within the QTL, a SNP marker was identified that 
associated with epicuticular wax level. We will utilize the 
identified marker in marker assisted selection to breed 
new varieties of cranberries with potentially increased 



Page 8 of 13Erndwein et al. BMC Plant Biology          (2023) 23:181 

resistance to heat stress. Finally, we have identified a gene 
candidate near the QTL region involved in alkane bio-
synthesis of cuticular wax.

Materials and methods
Plant material and phenotyping
Ninety individuals from a cranberry population (CNJ15-
55) which segregates for ECW, were used for this study. 
CNJ15-55 was derived from a cross between CNJ08-
103–20 and CNJ11-45–23 made in May 2015 (Additional 
file  2). The cross and subsequent population develop-
ment are part of the ongoing cranberry breeding pro-
gram, directed by N. Vorsa, at the P.E. Marucci Center 
for Blueberry and Cranberry Research and Extension, 
Chatsworth, NJ. We confirm that our study protocol 
complies with relevant institutional, national, and inter-
national guidelines and legislation. CNJ15-55 individuals 
were seeded in December 2015, transplanted into 10 cm 
square pots in June 2016, and maintained in a greenhouse 
at the P.E. Marucci Center for Blueberry and Cranberry 
Research and Extension. At time of transplanting, plants 
received 1.4  g fertilizer prills (Osmocote 14–14-14). In 
subsequent years, plants were fertilized biweekly from 
late May to mid-August with 20–20-20 soluble fertilizer 
at 185  ppm. Plants were watered daily during growing 
season (April–October) and weekly during dormancy 
(November-March). The average greenhouse tempera-
ture from April through October, was 75°F, and dur-
ing dormancy, 40°F. To achieve pollination and fruit set, 
plants were placed outside during flowering. High ECW 
cranberries are characterized by the appearance of a dull, 
white powdery surface (Fig. 3A-B). For all plants that set 
fruit (n = 73), fruit ECW was visually rated in Septem-
ber 2018 on a scale between 0–5, with 0 being the least 
amount of wax and 5 the highest wax rating (Fig. 3C-D; 
Table 6).

Cranberry desiccation
A total of 18 cranberry fruit with high ECW and 18 
cranberry fruit with low ECW were initially weighed 
and placed in an incubator (Thermo Fisher Scientific, 
Waltham MA, USA) at 30 °C for a period of 28 days. Ber-
ries were re-weighed at 6, 12, 18, and 28  days after the 
experiment began and mass percent loss was calculated 
at each time point.

Heat/light application
A total of 20 individual cranberry fruit with high ECW 
and 20 with low ECW (Fig.  4A) were irradiated with 4 
Bogen Quartz light heads (250 W; Bogen Photo Corp., 
Fairlawn NJ, USA) for a total of 60  min. Using a quan-
tum meter (Model MQ-200, Apogee instruments, Logan 
UT, USA), light intensity for both high and low wax 

experimental groups was measured to be an average of 
54.4 ± 3.82 µmol  m−2  s−1, where differences in intensity 
between groups were not statistically significant (p = 0.9, 
one-way ANOVA). Infrared thermal images were cap-
tured once per minute using a forward looking infrared 
(FLIR) A70 camera (Teledyne FLIR LLC, Wilsonville OR, 
USA). Thermal image jpegs captured at time points 10, 
20, 30, 40, 50, and 60  min of irradiation were imported 
into Fiji image analysis software [113] for raw data tem-
perature extraction using the ThermimageJ macro [114] 
(Fig. 4B). LUT > 6 shades was selected for thermal image 
color range (Fig.  4C). At each time point, the area of 

Fig. 3  Phenotyping system for cranberry cuticular wax. A Cranberries 
with low epicuticular wax (ECW) have a shiny, smooth appearance 
and B those with high ECW have a dull, white, powdery surface 
appearance. C Cranberry ECW phenotyping was conducted manually 
using a subjective visual rating system of 0–5 corresponding to 
the relative amount of ECW load on the surface of berries, where 0 
denotes little wax and 5 denotes relatively high ECW. D Frequency 
distribution illustrates the variability in ECW rating within the QTL 
population (n = 68)
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each berry was selected using the ellipses tool (Fig. 4C) 
and added to the region of interest (ROI) manager. In 
the Analyze > set measurements function, measurement 
parameters selected included mean gray value, standard 
deviation, and min & max gray value. Estimated temper-
ature values are embedded in each pixel of infrared ther-
mal images; therefore, the mean gray value of each berry 
outputs the mean temperature of that berry. Finally, the 
Analyze > Measure function outputted the mean, min, 
and max temperature for each berry.

DNA extraction
DNA was extracted from leaf tissue using a modified 
CTAB protocol and GBS libraries were generated as in 
Daverdin et  al. [42]. The GBS libraries were prepared 
using Msp1 and Pst1 as the restriction enzymes (New 
England Biolabs Inc., Ipswich, Massachusetts, USA). Pre-
pared GBS libraries were sent to Genewiz, Inc. (South 
Plainfield, NJ, USA) for sequencing on the Illumina Hi-
seq platform (Illumina Inc., San Diego, California, USA) 
with a 2 × 150 bp paired-end configuration.

QTL analysis
Barcoded samples were de-multiplexed using STACKS 
and aligned to the cranberry reference genome [40]; 
Size:488 Mbp, Contigs:124, N50: 15.4 Mbp) with bwa-
mem [115, 116]. Samtools was used to call SNPs [117]. 
SNP filtering and QTL analysis was performed as in Fong 
et  al. [46], where qualifying SNPs required a read sup-
port of at least 4 reads, and heterogeneity between 25 and 
75%. Missing data were limited to only 10% of the popu-
lation for a given marker, and markers that were homog-
enous throughout the population were also removed. 
Markers were anchored according to their genetic posi-
tions and R/qtl was used to calculate genetic distance 
between markers and identify QTL [118]. Genome wide 
significance of LOD scores was calculated at p < 0.05 
through 1000 permutations. Candidate genes in the QTL 
region were identified based on the current cranberry 
reference genome (https://​www.​vacci​nium.​org/​bio_​data/​
12544​30). Potential candidate genes were otherwise iden-
tified through NCBI tblastx, where sequences from the 
KEGG cutin, suberin and wax biosynthesis—Arabidopsis 
thaliana (thale cress) pathway (ath00073)—were refer-
enced against the cranberry reference genome, and loca-
tions noted in relation to the QTL region.

Sequence analysis of candidate gene GL1‑9
The GL1-9 reference sequence was used as annotated in 
the current cranberry reference genome sequence [40]. 
Primers were designed to amplify about 500 bp upstream 
of the start codon. Five representative accessions with 
high ECW and 5 representative accessions with low 

Table 6  Summary of epicuticular wax ratings in CNJ15-55

a Cranberry fruit epicuticular wax was visually rated on a scale of 0–5, with 0 
being the least amount of wax and 5 the highest wax rating
b number of plants and percentage of plants with each wax phenotype

ratinga overall (N = 68)b

0 9 (12.5%)

0.5 12 (16.7%)

1 4 (5.6%)

1.5 9 (12.5%)

2 8 (11.1%)

2.5 3 (4.2%)

3 16 (22.2%)

3.5 2 (2.8%)

4 4 (5.6%)

4.5 1 (1.4%)

5 4 (5.6%)

Fig. 4  FLIR image capture and temperature calculation using Fiji and 
ThermimageJ. A Cranberries with high epicuticular wax (top) and 
low epicuticular wax (bottom) were irradiated with direct light for a 
period of 60 min. B Raw images were captured using a FLIR camera 
every minute and cranberry surface temperature was measured 
every 10 min. C Using ThermimageJ macros in Fiji, thermal images 
were re-colored with the LUT tool. The area of each berry was 
selected as a region of interest and mean, min & max temperatures 
were calculated. Images B and C represent berries at time point 
t = 60 min of light irradiation

https://www.vaccinium.org/bio_data/1254430
https://www.vaccinium.org/bio_data/1254430
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ECW accessions were amplified and sequenced. Ampli-
con quality was verified using Qiaxcel Screengel (Qia-
gen Sciences, Germantown MD, USA). Fragments were 
purified with EXOSAP-IT (Thermo Fisher Scientific, 
Waltham MA, USA). Sequencing was conducted using a 
Big Dye 3.1 kit (Thermo Fisher Scientific, Waltham MA, 
USA) and analyzed on an Applied Biosystems Genetic 
Analyzer 3500. Sequences were aligned to the GL1-9 ref-
erence sequence using BWA [116] and visualized in IGV 
[119].

Marker validation
Using the genotypes generated from GBS in concert with 
the QTL associated with surface wax on chromosome 1, 
we identified a single-nucleotide polymorphism (SNP) 
at location 38,782,094  bp. FASTA formatted sequences 
for each SNP were sent to Integrated DNA Technologies 
(Coralville, IA, USA) and 3CR Bioscience (Harlow, Essex 
CM20 2BU, UK) for PCR allele competitive extension 
(PACE) primer pair design and manufacture. To validate 
the efficacy of markers, leaf tissue was collected from a 
total of n = 34 progeny from the CNJ15-55 population, 
including n = 7 with high surface wax (wax score = 4–5), 
n = 10 with medium surface wax (wax score: 3), and 
n = 17 with low surface wax (wax score = 0). DNA was 
extracted from leaf tissue using the modified CTAB pro-
cedure [42] The cyclic conditions for PACE genotyping 
reactions were conducted as follows: Enzyme activa-
tion at 94℃ for 15 min, followed by 10 cycles of template 
denaturation at 94℃ for 20 s and annealing and extension 
at 65–57℃ for 60 s dropping 0.8℃ per cycle, followed by 
30 cycles of denaturation at 94℃ for 20 s and annealing 
and extension at 57℃ for 60 s.

Statistical analysis
For desiccation and heat/light experiments, all statisti-
cal analyses and graph generation was performed using 
R ver. 1.4.2 [120] and figures were constructed using the 
ggplot2 visualization package ver. 3.3.5 [121]. Normal-
ity was determined qualitatively using quantile–quantile 
plots and quantitatively using Shapiro–Wilk normality 
tests (p > 0.05) with default parameters. Residuals were 
checked for normality using Kolmogorov–Smirnov tests 
using function ols_test_normality of the olsrr package ver. 
0.5.3 [122]. Both percent mass and average temperature 
deviated from normality, so data were transformed using 
Tukey’s ladder of powers function (function transform-
tukey within the rcompanion package ver. 2.4.13 [123]. 
We tested the hypothesis that differences exist in percent 
loss and mean temperature between cranberries with 
high ECW and low ECW using one-way analysis of vari-
ance (ANOVAs); function aov in stats package ver. 4.1.2; 
[120]. Pairwise differences were detected using Tukey’s 

honestly significant difference (function TukeyHSD in 
agricolae package ver. 1.3.5) [124]. The effect of marker 
genotype on wax phenotype was determined using non-
parametric Kruskal–Wallis rank sum tests (function 
kruskal.test in stats package ver. 4.1.2) [120]. Pairwise 
differences in wax phenotype between genotypes was 
calculated using non parametric Dunn’s tests [125] with 
Bonferroni correction for p values (function dunnTest 
in FSA package ver. 0.9.3) [126]. Significance for all tests 
were defined as p ≤ 0.05.
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